Some carbohydrate-active enzymes display a modular structure in which catalytic modules that target an insoluble substrate are often attached to one or more noncatalytic carbohydrate-binding modules (CBMs) that assist enzymatic activity. CBMs have been classified into more than 60 families based on amino acid sequence similarities. CBM family 13 (CBM13) and family 42 (CBM42) possess a -trefoil fold and are grouped into CBM fold family 2. The -trefoil fold contains a sequence of approximately 45 amino acid residues that is repeated 3 times, resulting in three subdomains (, and ) that fold into an overall globular structure. Each subdomain is composed of four -strands that fold into a Y-shaped -hairpin structure. CBM13 and CBM42 have multivalent sugar-binding ability. In this review, I describe the sugar-binding mechanisms of the CBM13 and CBM42 domains of a -xylanase, a -L-arabinopyranosidase, and an -L-arabinofuranosidase.
Some carbohydrate-active enzymes display a modular structure in which catalytic modules that target an insoluble substrate are often attached to one or more noncatalytic carbohydrate-binding modules (CBMs) that assist enzymatic activity. CBMs have been classified into more than 60 families based on amino acid sequence similarities. CBM family 13 (CBM13) and family 42 (CBM42) possess a -trefoil fold and are grouped into CBM fold family 2. The -trefoil fold contains a sequence of approximately 45 amino acid residues that is repeated 3 times, resulting in three subdomains (, and ) that fold into an overall globular structure. Each subdomain is composed of four -strands that fold into a Y-shaped -hairpin structure. CBM13 and CBM42 have multivalent sugar-binding ability. In this review, I describe the sugar-binding mechanisms of the CBM13 and CBM42 domains of a -xylanase, a -L-arabinopyranosidase, and an -L-arabinofuranosidase.
Key words: arabinofuranosidase; arabinopyranosidase; carbohydrate-binding module; -trefoil fold; xylanase Carbohydrate-active enzymes are classified into various families based on amino acid sequence similarities. For example, there are more than 120 glycoside hydrolase (GH) families and more than 90 glycosyltransferase families (see CAZy database, http://www.cazy.org/).
1)
Some carbohydrate-active enzymes possess a modular structure featuring a catalytic domain and one or more ancillary noncatalytic modules. In GHs that degrade insoluble or complex polysaccharides such as cellulose, hemicellulose, chitin, or arabinogalactan, the catalytic modules are often attached to one or more noncatalytic carbohydrate-binding modules (CBMs), which keep the catalytic module in proximity to the substrate for efficient catalysis. The CAZy database defines a CBM as a contiguous amino acid sequence within a carbohydrate-active enzyme with a discreet fold having carbohydrate-binding activity.
CBMs are classified into more than 60 families based on amino acid sequence similarities. 2) In addition, CBMs are grouped into seven fold families based on their three-dimensional structures, and into three CBM types based on their sugar-recognition modes, as reviewed by Boraston et al.
2) The dominant fold among CBMs is the -sandwich (CBM fold family 1), which is found in more than 20 CBM families. This fold comprises two -sheets, each consisting of three to six antiparallel -strands. Other CBM fold families are characterized by -trefoil, cysteine knot, or hevein folds. Furthermore, CBMs have been grouped into three types based on structural and functional similarities: surfacebinding CBMs (type A), glycan-chain-binding CBMs (type B), and small sugar-binding CBMs (type C). The -sandwich fold is found in the members of three functional types.
CBM fold family 2 is characterized by the -trefoil fold, and includes CBM family 13 (CBM13) and family 42 (CBM42). [3] [4] [5] Each of these modules has a sequence of about 40-52 amino acids that is repeated 3 times, forming subdomains , , and , which confer a globular structure on the module. Each subdomain can contain a sugar-binding site, and therefore a single CBM can bind to multiple sugar ligands. CBM13 and CBM42 are classified as type-C CBMs, and they have pocketlike sugar-binding sites that generally recognize one or two monosaccharide units within a polysaccharide. Although CBM13 and CBM42 share similar folds, their ligand-binding sites are differently located and shaped. 5) CBM13 has been structurally and biochemically analyzed for the first time within intact GHs (Streptomyces endo-1,4--xylanases). 4, [6] [7] [8] It shows specificity for the backbone of xylan, but it is found not only in xylanases (EC 3.2.1.8), but also in other GHs such as endo-1,3(4)--glucanase (EC 3.2.1.6), 9, 10) Biosci. Biotechnol. Biochem., 77 (7), [1363] [1364] [1365] [1366] [1367] [1368] [1369] [1370] [1371] 2013 Award Review in several lyases and glycosyltransferases. 17, 18) It is distributed in many carbohydrate-active enzymes, because it has evolved to acquire a variety of sugarbinding specificities.
In contrast, CBM42 is found only in -L-arabinofuranosidases (EC 3.2.1.37). The first reported structure for a CBM42 domain was that of Aspergillus kawachii GH54 -L-arabinofuranosidase. 5) This domain binds the arabinose side-chains of arabinoxylan.
This review describes the -trefoil structures and the functions of the CBM13 and CBM42 domains of three GHs that the author has analyzed: Streptomyces olivaceoviridis E-86 endo-1,4--xylanase SoXyl10, which possesses a GH10 catalytic module and a CBM13 domain (SoCBM13); 4) Streptomyces avermitilis -Larabinopyranosidase SaArap27, which has a GH27 catalytic module and a CBM13 domain (SaCBM13); 16) and S. avermitilis -L-arabinofuranosidase SaAraf43, which possesses a GH43 catalytic module and a CBM42 domain (SaCBM42). 19) I. Structure of the -Trefoil Fold A -trefoil fold was proposed for the first time by Murzin et al.
3) for the crystal structure of Kunitz soybean trypsin inhibitor. 20) The fold contains three repeated homologous sequences, or subdomains, each of which is composed of four -strands that fold into a Y-shaped -hairpin. For each subdomain, the first and last -strands (1 and 4) join to form a six-stranded -barrel on one side of the protein (the top), whereas the other two -strands (2 and 3) are antiparallel paired and are gathered on the opposite side of the protein (the bottom). The three subdomains fold into a globular structure around a pseudo 3-fold axis, making up the -trefoil fold (Figs. 1 and 2 ). There is a cylindrical hydrophobic core at the center of the structure, where aliphatic residues protrude into the cylindrical axis. Figure 1 shows the subdomains and the complete structure of SoCBM13 as an example of the -trefoil fold.
According to the Pfam protein family database (http: //pfam.sanger.ac.uk/), CBM13 belongs to Pfam family ricin B lectin (PF00652), which is in turn included in the -trefoil superfamily (or clan trefoil, CL0066).
21) The clan trefoil currently contains 15 families, including ricin B lectin, agglutinin, Kunitz, legume, fibroblast growth factor (FGF), and interleukin-1. 22) The protein that gives its name to the ricin B lectin family is the B-chain of ricin, a plant galactose-binding lectin ( Fig. 3A and B) . 23, 24) Ricin is a heterodimeric toxic protein, consisting of an N-glycosidase A-chain and a galactose-binding lectin B-chain, linked by a disulfide bond. 25, 26) The B-chain includes two tandemly arranged -trefoil domains, each one containing one or two galactose-binding sites. The ricin B lectin family is also referred to as a ricin-type or R-type lectin family, or as a (Gln-X-Trp) 3 -domain family, 27) with consensus motif Gly-X-X-X-Gln-X-Trp(Tyr). 28) Several lectins with a -trefoil fold, such as abrin and eburin, specifically bind D-galactose (hereafter galactose) or galactose-derivatives, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] whereas other lectins preferentially bind other carbohydrates. 39, 40) Nevertheless, the CBM13 domains have not yet been described in lectins. CBM13 domains are found in various GHs, transferases, and lyases, and they show a variety of sugar-binding specificities.
CBM42 belongs to Pfam family AbfB (PF05270), named after Aspergillus nidulans -L-arabinofuranosidase B.
41) The first 3D-structure elucidated for a protein in this family was that of the GH54 -L-arabinofuranosidase AkAbf54 from Aspergillus kawachii. 5, 42) CBM13 and CBM42 are built around the sametrefoil structure and have multivalent sugar-binding sites that preferentially recognize small sugars, thus showing a type-C binding mode. Each subdomain can potentially bind to a sugar molecule, and all three sugar-binding sites are located on the bottom surface of the -trefoil fold (Fig. 1E ). But these ligand-binding sites display different topologies and locations among CBMs. The structure of a subdomain consists basically of fourstrands, although some of them contain -helices, 3 10 -helices, or internal disulfide bonds. CBM13 subdomains usually have one or two 3 10 -helices after the 2 strand and before the 4 strand, as well as an internal disulfide bond, whereas CBM42 subdomains usually contain one -helix before the 4 strand (Fig. 2) . The overall shapes of CBM13 and CBM42 are globular, but that of CBM42 is more triangular than that of CBM13, because the conserved -helices in the subdomains of CBM42 protrude outwards.
The three subdomains in a -trefoil fold usually show only 10-60% sequence identity, but Broom et al. recently reported the construction of an artificial - The structural model was built from the SoXyl10 structure complexed with xylotriose (PDB code 1ISX). Bound xylooligosaccharides are represented as stick models. Conserved aspartic acid, tyrosine, and tryptophan residues, as well as disulfide bonds, are represented as ball-and-stick models. Each of the three subdomains is composed of four -strands (1 to 4) that fold into a Y-shaped -hairpin structure. The 1 and 4 unpaired -strands of the three subdomains collectively form a six-stranded -barrel at the top. The antiparallel paired 2 and 3 strands gather on the opposite, bottom side. Overall, the 12 -strands fold into a globular structure around a pseudo 3-fold axis (indicated as a triangle), making up the -trefoil fold. The structural drawings for this review were prepared by means of program PyMol (DeLano Scientific LLC, Palo Alto, CA). trefoil protein containing identical subdomain sequences and a symmetric 3-fold structure. 43) 
II. CBM13 of Streptomyces olivaceoviridis -Xylanase
The S. olivaceoviridis -xylanase is an endo-1,4--Dxylanase (EC 3.2.1.8) that hydrolyzes -1,4-glycosidic bonds in the backbone of xylan (a major component of the hemicelluloses in plant cell-walls), releasing xylooligosaccharides. Xylanases are classified mainly into two GH families, GH10 and GH11. 44) Crystallographic studies indicate that the catalytic module of GH10 xylanases consists of a ð=Þ 8 -barrel, [45] [46] [47] whereas GH11 xylanases have a -jelly roll structure. 48) In addition to the catalytic domain, xylanases frequently have a CBM at the N-terminal or the C-terminal end. The CBM is often specific for xylan, and promotes the catalytic process by binding the long xylan chain. S. olivaceoviridis E-86 produces two xylanases, GH10 xylanase SoXyl10 and GH11 xylanase SoXyl11 (previously known as FXYN and GXYN). 49, 50) SoXyl10 is used commercially to produce xylobiose and xylose from hardwood, and its substrate specificity has been well characterized.
6,51-53) SoXyl10 consists of a GH10 catalytic module (SoXyl10CM) and a CBM13 domain (SoCBM13), with 436 amino acids and a molecular weight of 45 kDa.
54) The hydrolytic activity against insoluble xylan of a truncated enzyme containing only SoXyl10CM was about half the activity of the wild-type enzyme, but the two enzymes displayed comparable hydrolytic activities against soluble xylan. These results suggest a mechanism of enhanced catalysis. When SoCBM13 binds to insoluble xylan, the catalytic module is anchored in proximity to the substrate by the bound SoCBM13 and its accessibility to the substrate is increased, resulting in rapid degradation of the substrate. 55) Before we conducted a structural analysis of SoXyl10, four X-ray structures of catalytic modules of GH10 xylanases were available, [45] [46] [47] 56, 57) but attempts to crystallize these intact multi-domain xylanases had been unsuccessful, probably due to the flexibility of the interdomain linker regions. We succeeded in crystallizing SoXyl10 in its intact form, 58) and the crystal structure was determined at a resolution of 1.9 Å . 4) We found that SoXyl10CM comprised a ð=Þ 8 -barrel identical to that of other GH10 xylanases, and that SoCBM13 consisted of a -trefoil fold (Fig. 3C) .
In succession, the crystal structures of SoXyl10 bound to xylooligosaccharides were determined. 59) These xylooligosaccharides were bound to subdomains and , on the bottom surface of the -trefoil fold (Figs. 1 and  3C ). Xylose molecules interacted with both subdomains in a similar manner. The xylose was located above the aromatic ring of a tyrosine (Fig. 3D, Tyr340) , its O2 and O3 atoms forming the main hydrogen-bonding interaction with two conserved polar residues of SoCBM13 (Fig. 3D, Asp325 and Asn347). The xylose O1 and O4 atoms were half-exposed to the surface of SoCBM13, so that the xylan chain potentially extended from this xylose unit in both directions. The putative xylanbinding site of subdomain was buried in the crystal packing interface, and the bound sugar could not be observed. But the structures of the three subdomains are similar, and most of the xylose-coordinating residues of subdomains and are conserved in subdomain ( Fig. 2A) , indicating that subdomain likely binds xylose in the same manner. All three subdomains appear to have similar xylan-binding sites and can bind to the xylan chain. Similar observations have been reported for Streptomyces lividans CBM13 domain. 8) To study the interactions between galactose and SoCBM13, we analyzed the structure of SoXyl10 bound to galactose or to lactose. The interaction of galactose with SoCBM13 was different from that of xylose, but similar to the interaction of galactose with ricin in a ricin-lactose complex (Fig. 3B) . 24) These xylan-binding sites corresponded to the galactose binding sites of ricin B-chain subdomains 1 and 2, and the coordinating residues were mostly conserved (Fig. 3) . The galactose unit of the bound lactose was attached to the ricin B-chain, and its O3 and O4 atoms were buried in the protein, coordinating a conserved aspartic acid (Fig. 3B,  Asp22) .
Plant xylan is generally highly decorated and is thus often referred to as arabinoglucuronoxylan.
60) The xylan backbone is modified through an -1,2 linkage with glucuronic acid and 4-O-methyl--D-glucuronic acid (MeGlcUA), whereas -L-arabinofuranose (Araf) is linked through -1,2 or -1,3 bonds to the xylose polymer. To determine how SoXyl10 recognizes decorated xylans, crystal structures were determined for the protein in complex with -L-arabinofuranosyl-xylooligosaccharides and 4-O-methyl--D-glucuronosyl-xylooligosaccharides. 61) Bound sugars were observed in the subsites of the catalytic cleft and in subdomains and of SoCBM13. The xylose moieties bound to SoCBM13 were not decorated, and Araf and MeGlcUA were attached to the adjacent xylose moieties. Figure 4 shows the binding modes of -L-arabinofuranosyl-xylobiose and 4-O-methyl--D-glucuronosyl-xylobiose at subdomain . SoCBM13 accommodated the side chains of the sugar moieties in various ways, interacting with both Araf-and MeGlcUA-decorated xylans. Remarkably, the two types of xylooligosaccharide were bound in different orientations. Using nonsymmetrical sugars as ligands, we were able to show that SoCBM13 can bind to the xylan backbone in either direction. Multiple binding modes might increase the probability of substrate binding, whereas they do not contribute to directing the substrate to the active site of the enzyme.
Additional structural analyses of SoXyl10 revealed that SoCBM13 promoted the hydrolytic activity of the catalytic module by binding to the substrate through one of three xylan-binding sites with moderate binding affinity. In addition to our work on SoCBM13, we have studied the function and structure of the catalytic module by various approaches including mutagenesis, module shuffling, and structural analysis. [62] [63] [64] [65] [66] 
III. CBM13 of Streptomyces avermitilis -L-Arabinopyranosidase
The crystal structure of S. avermitilis -L-arabinopyranosidase (SaArap27), a member of the GH27 family, was determined and found to consist of four domains. A C-terminal CBM13 domain showed a novel arabinosebinding property.
Arabinogalactan-proteins (AGPs) are a family of proteoglycans localized on the cell surface in higher plants. They are hydroxyproline-rich glycoproteins that contain abundant arabinosyl and galactosyl residues. 67, 68) The AGP core proteins and the sugar linkages are heterogeneous, carbohydrates constituting more than 90% of the molecular weight of an AGP, which complicates structural analysis.
S. avermitilis NBRC14893 produces exo--1,3-galactanase and endo--1,6-galactanase. These enzymes hydrolyze -1,3-galactan and -1,6-galactan, respectively, which constitute the backbone of the type II arabinogalactan present in AGP sugar linkages. [69] [70] [71] When the bacterium was cultivated with gum arabic (a kind of AGP) as carbon source, L-arabinose was released from the AGPs, and this led to the isolation of a novel -L-arabinopyranosidase, SaArap27. The sequence of the SaArap27-encoding gene indicated that the protein possessed 614 amino acid residues (after removal of a putative N-terminal signal peptide) and a molecular weight of 64 kDa. SaArap27 contains a GH27 catalytic module and a CBM13 domain (SaCBM13). 16) SaCBM13 shows 55% identity in amino acid sequence to SoCBM13 (PDB code 1XYF), 4) 51% identity to S. lividans CBM13, 8) and 34% identity to ricin chain B (PDB code 2AAI) 24) and Sambucus ebulus ebulin chain B1 (PDB code 1HWM). 30) SaCBM13 is expected to function as a substrate-binding module.
Intact SaArap27 was successfully crystallized, 72) and the crystal structures of the ligand-free protein and of the protein in complex with L-arabinose and with galactose were determined. 16) SaArap27 was composed of four structural domains (Fig. 5A) . The N-terminal catalytic module (domain I, 295 residues) consisted of a ð=Þ 8 -barrel. The second domain (domain II, 91 residues) was an eight-stranded anti-parallel -domain including Greek key motifs. These two domains were arranged similarly to those of other GH27 enzymes such asgalactosidases and an -N-acetylgalactosaminidase. [73] [74] [75] The third domain (domain III, 101 residues) also contained eight antiparallel -strands, but they formed a -jellyroll domain instead. This domain was adjacent to domain II and contacted the catalytic module. The C-terminal domain (domain IV, 126 residues) was a CBM13 domain and hence included a -trefoil fold. It was located in front of the catalytic module and established contacts with all three other domains, resulting in an overall compact structure. No linker peptides were found between the domains.
The structure of SaArap27 in complex with Larabinose included one L-arabinose molecule bound to the catalytic module and three L-arabinose molecules bound to SaCBM13 (Fig. 5) . In contrast, the structure of SaArap27 in complex with galactose contained one galactose molecule bound to the catalytic module and only one galactose molecule bound to SaCBM13. No bound sugars were observed in domains II and III in either of the two SaArap27-sugar complexes.
Each of the three SaCBM13 subdomains bound an L-arabinose molecule (Fig. 5B) . These sugar-binding sites were homologous to the xylan-binding pockets of SoCBM13, but the interactions between L-arabinose and SaCBM13 were different from those between xylan and SoCBM13.
59) The hydrophobic face (C3-C4-C5) of the L-arabinose bound to SaCBM13 was located directly above the aromatic indole of a tryptophan (Fig. 5C,  Trp560) , forming a stacking interaction. There were six hydrogen bonds between subdomain and the Larabinose molecule. In addition, the side-chain of a tyrosine (Fig. 5C, Tyr547) faced the C5-O5 bond of L-arabinose. Because this tyrosine residue is not present in galactose-binding lectins or xylan-binding domains, it might contribute to conferring L-arabinose specificity on CBM13 proteins by hampering the binding of the voluminous C-5 hydroxymethyl group of galactose. SaCBM13 is the first example of a CBM13 that preferentially binds to L-arabinose. In the SaArap27-galactose complex, the galactose was bound in a manner similar to that of L-arabinose, but the C-5 hydroxymethyl group appeared to be cramped. The binding of L-arabinose or galactose to SaCBM13 resembled that of galactose to the ricin B-chain. The O3 and O4 atoms of L-arabinose were buried in the sugar-binding pocket and coordinated a conserved aspartic acid (Fig. 5C,  Asp545 ).
SaArap27 appears to fold into a stable, compactly packed modular architecture, all four domains contacting each other. The catalytic pocket and three sugarbinding sites are open to the solvent, facing the same side of the protein. SaCBM13 is thought to help substrate binding to increase the substrate concentration around the catalytic site. Domains II and III appear to function as spacers that place the SaCBM13 domain close to the catalytic site.
SaArap27 shows high similarity to -galactosidases, especially rice -galactosidase (with a sequence identity of 40% for the catalytic modules). 73) When only the catalytic pockets were compared, SaArap27 and thegalactosidases differed in one amino acid, consisting of Glu and of Asp, respectively. It is therefore possible that this single mutation (Asp to Glu) is responsible for changing the enzyme specificity from galactose to Larabinopyranose (which has no hydroxymethyl group at C5).
16) The sugar specificities of carbohydrate-active enzymes and carbohydrate-binding proteins can often be changed by altering a few amino acids, suggesting the possibility of alteration of substrate specificity by rational mutation of the protein.
IV. CBM42 of Streptomyces avermitilis Exo-1,5--L-arabinofuranosidase
S. avermitilis exo-1,5--L-arabinofuranosidase SaAraf43 (EC 3.2.1.55) belongs to the GH43 family, which includes a wide variety of enzymes including -xylosidases, -L-arabinofuranosidases, endo--L-arabinanases, endo--1,4-xylanases, and exo--1,3-galactanases. In addition to the catalytic domain, SaAraf43 contains a C-terminal arabinan-binding CBM42 domain (SaCBM42). It has a strict substrate specificity, hydrolyzing only -1,5-linkages in linear arabinan and arabinooligosaccharides in an exo-acting manner. 71) Among proteins that contain CBM42 domains, A. kawachii GH54 -L-arabinofuranosidase AkAbf54 has been studied extensively, and its crystal structure has been determined. 5, 42) The CBM42 domain of AkAbf54 (AkCBM42) recognizes a substrate by binding to Larabinofuranose. This is the first known example of a CBM that recognizes the side-chain sugar of a branched polysaccharide. In addition, at least three Clostridium thermocellum GH43 enzymes contain a CBM42 domain, and the crystal structure of one of these domains (CBM42A, here designated CtCBM42) has been reported. 76) The intact two-domain protein was expressed, purified, and characterized, and the crystal structures of free SaAraf43 and of the enzyme bound to -1,5-L-arabinofuranobiose, to -1,5-L-arabinofuranotriose, and to 1-azide--L-arabinofuranoside (ArafAz) were determined. 19, 71, 77) SaAraf43 was composed of a single polypeptide chain of 459 amino acids, with a molecular weight of 52 kDa, and was divided into two distinct domains. The N-terminal catalytic module consisted of a -propeller with five radially oriented blades, distributed almost equally around a full circle. The C-terminal domain, SaCBM42, was made of a -trefoil fold (Fig. 6 ). The overall shape of SaCBM42 was more triangular than that of CBM13, because the conserved -helix in each subdomain of SaCBM42 protruded outwards (Fig. 2) . In the -1,5-L-arabinofuranobiose and the -1,5-L-arabinofuranotriose complexes, the sugars were bound to subdomains and of SaCBM42 on the bottom surface of the -trefoil fold. No bound arabinooligosaccharides were observed in subdomain due to the crystal packing, but three sugar molecules were bound to SaCBM42 when the protein was complexed with ArafAz (Fig. 6B) .
One or two L-arabinofuranosyl moieties were found in each sugar-binding site of SaCBM42, indicating that SaCBM42 preferentially bound to the terminal nonreducing-end (an L-arabinofuranosyl moiety) of L-arabinooligosaccharides. Several hydrogen bonds were found between SaCBM42 and L-arabinofuranoside: a conserved aspartate (Fig. 6C, Asp352) recognized the O2 and O3 atoms of the sugar molecule; a conserved histidine residue (Fig. 6C, His336 ) recognized the O5 atom; and two main-chain nitrogen atoms (Fig. 6C , Asp338 and Phe339) were bound to the O4 and O5 atoms. The O1 atom faced the solvent, linking to the next sugar moiety in the oligosaccharide. In addition to the hydrogen bonds, van der Waals interactions were found between a conserved tyrosine residue (Fig. 6C,  Tyr374 ) and the sugar bound to a different subdomain. That is, a tyrosine in subdomain interacted with the sugar molecule that was bound to subdomain , and the tyrosine in subdomain interacted with the sugar in subdomain . Thus each sugar-binding site of SaCBM42 involves two subdomains. The sugar-binding sites of CBM13 and CBM42 are both located at the bottom surface of the -trefoil fold, but the former is located in the mid-part of the subdomain, and the latter is located near the interface of the subdomains.
The L-arabinofuranose binding mode of SaCBM42 was similar to that of AkCBM42.
42) The crystal structure of AkCBM42 showed that only subdomains and were bound to sugar ligands. Subdomain of AkCBM42 contained a glutamate in place of the conserved aspartate that is present in the other two subdomains. Similarly, subdomain of CtCBM42 contained a serine instead of the conserved aspartate, and showed lower binding activity than the other two subdomains. Hence the conserved aspartate, which recognizes the O2 and O3 atoms of L-arabinofuranoside, is important for sugar binding. In contrast, the aromatic residues at the sugarbinding site appear to be less important. The mechanism of sugar binding in CBM42 is driven by polar interactions, and this contrasts with the sugar-binding mode of CBM13.
CBM42 domains have been found only in -Larabinofuranosidases, most of them are fungal enzymes specific for arabinoxylan. SaAraf43, however, is a bacterial enzyme that does not hydrolyze arabinoxylan, arabinogalactan being its most likely substrate. In any case, the CBM42 domains can bind to terminal or branched L-arabinofuranosyl residues, which is consistent with the exo-type catalytic mechanism of the enzymes. The presence of multiple sugar-binding sites in CBM42 might increase the accessibility of the enzyme to insoluble substrates possessing L-arabinofuranosyl residues.
SaAraf43 provides a good model for investigating not only the function of CBM42, but also the mode of action of GH43 enzymes, a family that includes various types of arabinan-degrading enzymes. [78] [79] [80] Differences among GH43 enzymes as to their endo-or exo-hydrolase mode of action against arabinan or L-arabinooligosaccharides have been attributed partly to the structure of the sugarbinding site and the catalytic clefts.
V. Future Directions
CBM13 and CBM42 comprise a -trefoil fold, a soluble, globular compact domain with about 150 amino acids. They are usually found in xylanases and Larabinofuranosidases, and their target is insoluble hemicelluloses. These CBMs are often connected to the rest of the protein through a linker peptide, and they bind to the target carbohydrate independently from the catalytic module. They increase the catalytic efficiency of the enzymes by bringing the catalytic module closer to the insoluble substrates. CBM13 and CBM42 have multivalent ligand-binding ability, because they have three subdomains and each has a sugar-binding site.
As we begin to understand how GHs have evolved to use CBM domains for efficient catalysis, it may be possible to develop applications for them in various ways. For this purpose, it is advantageous that these CBMs are small stable domains. The primary application consists of enhancing the catalytic activity of GHs by fusing them to certain CBMs by protein engineering. Many CBM-fused cellulases and xylanases have been reported to show enhanced catalytic activity against their insoluble substrates. [81] [82] [83] The development of CBMs as affinity tags is also anticipated. 84) Indeed, SoXyl10 was purified using SoCBM13 as affinity tag. 62) In this case, a crude enzyme preparation was applied to a lactosyl-sepharose column, and the purified enzyme was eluted with xylooligosaccharides. Beyond protein research, CBMs might be used in the detection of various sugars in glycobiology or in medicine. For example, they might help to expand the applications of a technique that was developed by Hirabayashi and his group for structural analysis of glycans (frontal affinity chromatography and lectin microarray). [85] [86] [87] In this technique, lectins of various sugar-binding specificities must be prepared, a process in which CBMs might be useful. Furthermore, modification of a pre-existing module by protein engineering has been shown to be an effective way to change the ligand specificity of a protein. For example, a sialyllactose-recognizing lectin was successfully produced from a galactose-binding ricin-type lectin by error-prone PCR mutation of several amino acids. 36, 88) This type of approach is promising because sugar-binding specificity is often determined by a few amino acid residues in the sugar-binding site.
I hope that the studies of the structure-function relationships of CBM13 and CBM42 reviewed here will help in the development of applications of these domains to protein engineering, glycobiology, and other fields.
Note Added in Proof
Gilbert et al. have recently reported a review on a refinement to the types A, B, and C classification of CBMs. 89) 
